Invariant NKT cells (iNKT cells) are a subset of TCRαβ^+^ T cells that recognize glycolipid antigens in the context of the unconventional major histocompatibility complex class I protein CD1D. In peripheral tissues, iNKT cells exist in a primed effector state capable of rapidly producing large quantities of diverse cytokines in response to antigenic stimulation, and these cytokines can modulate the ensuing adaptive immune response ([@bib4]). iNKT cells express a TCR of limited diversity and acquire their activated state and effector program during their thymic development. Although iNKT cells can contribute to the clearance of microbial pathogens, alterations in their activation or effector differentiation are associated with diseased states such as asthma and autoimmunity ([@bib36]).

iNKT cells diverge from the conventional αβ T cell pathway during their selection from CD4^+^CD8^+^ (double positive \[DP\]) thymocytes ([@bib13]; [@bib3]; [@bib10]). Expression of the semi-invariant iNKT cell TCR, comprised of an invariant TCRα chain (Vα14Jα18) paired with a biased TCR Vβ repertoire (Vβ8, -7, and -2), allows for recognition of glycolipid--CD1D complexes on neighboring cortical DP thymocytes, which results in their selection into the iNKT cell lineage. This DP--DP interaction promotes engagement of the signaling lymphocytic activation molecule (SLAM) family receptors SLAMf1 (CD150) and SLAMf6 (Ly108), which are associated with the adaptor protein SAP that activates the src family kinase FynT, leading to the selection of DP thymocytes into the iNKT cell lineage ([@bib14]). iNKT cell selection also involves the EGR2-dependent induction of the transcription factor promyelocytic leukemia zinc finger (PLZF), which is required and sufficient for the primed effector state of iNKT cells and for their characteristic coproduction of Th1 and Th2 cytokines ([@bib18]; [@bib31]; [@bib32]).

The earliest postselection iNKT cell precursors, stage zero (ST0) iNKT cells, have a CD24^hi^ cortical thymocyte phenotype, and are CD4^+^CD8^lo^CD69^+^, similar to conventional TCRαβ CD4 transitional (CD4t) thymocytes ([@bib3]). Unlike positive selection of conventional αβ T cells, positive selection of iNKT cells is followed by a phase of massive proliferation that is accompanied by decreased expression of CD24 and CD8 and transition to ST1. Proliferation and effector fate differentiation continue into ST2, where the cells acquire CD44 and they exhibit an activated memory-like phenotype. The iNKT program of cell division is dependent on the α chain of the receptor for IL-7 (CD127) and the transcription factor c-*myc* ([@bib9]; [@bib26]; [@bib35]). During the phase of intrathymic expansion, a subset of cells down-regulates CD4 to become CD4^−^CD8^−^ (double negative \[DN\]) cells, whereas a majority of ST2 and 50% of ST3 cells retain CD4 ([@bib3]). ST3 iNKT cells are characterized by a lower rate of cell division and expression of an NK cell--associated transcriptome, including expression of the surface markers NK1.1, DX5, and CD122 ([@bib2]; [@bib6]).

The segregation of iNKT cells into stages based on expression of cell surface receptors has been a useful strategy for investigating their development and function ([@bib2]; [@bib29]). However, recent studies revealed that these stages do not exclusively define cells with a precursor progeny relationship, but rather, each stage contains terminally differentiated effector cells ([@bib7]; [@bib23]; [@bib42]; [@bib20]). At least three thymic iNKT cell effector subsets have been identified that parallel those of CD4 helper T cells and the recently identified innate lymphoid cells (ILCs; [@bib39]). Thymic iNKT cells can be identified as Th1-like PLZF^lo^TBET^+^ iNKT1 cells, which are largely found among ST3 cells, Th2-like PLZF^hi^GATA3^hi^ iNKT2 cells, which have an ST1/ST2 phenotype, and Th17-like PLZF^int^RORγt^+^ iNKT17 cells, which have an ST2 phenotype ([@bib20]). Thus, ST2 cells are a heterogeneous population that consists of terminally differentiated iNKT2 and iNKT17 effector cells, as well as a few iNKT1 progenitors. These effectors also display differential expression of CD4, with iNKT1 cells being CD4^+^ and CD4^−^ and iNKT2 cells being predominantly CD4^+^, whereas iNKT17 cells are mostly CD4^−^. Importantly, these effector subsets do not show interconversion after intrathymic injection ([@bib20]).

A recent study revealed substantial heterogeneity in the number of thymic iNKT2 cells, with most inbred mouse strains having an iNKT2 bias compared with iNKT1 cells. iNKT2 cells were shown to contribute to basal levels of IL-4, and high numbers of iNKT2 cells promote a memory phenotype on CD8 T cells, increased serum IgE, and specific chemokine production from thymic dendritic cells, all of which can influence the immune response of these mice ([@bib20]). It is unclear what drives the altered representation of iNKT cell effector fates in different mouse strains; however, TBET, GATA3, and RORγt regulate the development of iNKT1, iNKT2, and iNKT17 effector cells, respectively. Deletion of GATA3 favors the development of iNKT1 cells, whereas TBET deficiency leads to an outgrowth of iNKT2 and iNKT17 cells, suggesting that these transcription factors may interact in a common precursor cell ([@bib17]; [@bib40]; [@bib20]).

Although the signature transcription factors for the iNKT lineage and the iNKT1, iNKT2, and iNKT17 cell fates have been defined, little is known about how these lineages are established and whether similar transcriptional networks control the CD4, ILC, and iNKT cell effector programs ([@bib39]). The transcription factor TCF1, a member of the TCF/lymphoid enhancer factor (LEF) family of high-mobility group (HMG) box proteins, plays multiple roles in T cell development and is critical for the development of CD4 Th2 cells, Th2-like ILCs (ILC2), and a subset of Th17-like ILCs (ILC3; [@bib46]; [@bib44]). In contrast, the TCF1-related transcription factor LEF1 is not required for conventional T cell development, although it plays a supportive role in the absence of TCF1 ([@bib28]; [@bib47]). To date, no critical functions for LEF1 have been identified in T cells. Here we demonstrate essential, TCF1-independent functions for LEF1 in iNKT cell expansion and iNKT2 effector differentiation. We show that LEF1-deficient mice had reduced iNKT cell numbers in the thymus and peripheral tissues. LEF1 directly regulated the CD127 component of the receptor for IL-7 and the oncogenic transcription factor c-*myc*, both of which are critical for iNKT cell expansion. In addition, the remaining iNKT cells showed a specific deficiency in production of iNKT2 cells. We also demonstrated direct binding of LEF1 to regions proximal to the *Gata3* gene, and we showed that GATA3 failed to be highly expressed in LEF1-deficient iNKT cells. Although TCF1 and LEF1 are coexpressed in a subset of GATA3^hi^ iNKT cells, TCF1 expression was not altered by LEF1 deficiency. Therefore, LEF1 nonredundantly regulated *Cd127*, c-*myc*, and *Gata3* to control iNKT cell numbers and iNKT2 cell effector differentiation.

RESULTS
=======

Reduced iNKT cell development in the absence of LEF1
----------------------------------------------------

While investigating the requirements for LEF1 in T cell development, we discovered that *Vav^Cre^Lef1^f/f^* (*Lef1^Δ/Δ^*) mice had a decreased number of iNKT cells in the thymus compared with their littermate controls ([Fig. 1, A and B](#fig1){ref-type="fig"}). In contrast, and consistent with a recent study ([@bib34]), conventional αβ T cell development was largely unaffected by the absence of LEF1 (not depicted). LEF1 has been implicated in the expression of *Cd1d* ([@bib5]); however, we found no difference in the expression of CD1D or the SLAM family coreceptors LY108 or CD150 on *Lef1^Δ/Δ^* DP thymocytes, indicating that dysregulation of these essential iNKT cell selection molecules was not the cause of the reduced number of iNKT cells (not depicted). To directly determine whether LEF1 was required for the positive selection of iNKT cells, we determined the number of CD24^hi^ (ST0) and CD24^lo^ (ST1--3) cells among TCRβ^+^Tetramer^+^ iNKT cells after their enrichment from the thymus of *Lef1^Δ/Δ^* and control mice using CD1D tetramers loaded with the glycolipid PBS57 ([Fig. 1 C](#fig1){ref-type="fig"}). The number of ST0 iNKT cells was similar in the thymi from *Lef1^Δ/Δ^* and littermate control mice ([Fig. 1 D](#fig1){ref-type="fig"}). In contrast, there was a significant reduction in the number of *Lef1^Δ/Δ^* ST1--3 iNKT cells relative to control mice ([Fig. 1, C and D](#fig1){ref-type="fig"}). These data indicate that LEF1 was not required for the selection of iNKT cells, but rather it played a critical role in their subsequent expansion, survival, or differentiation. Consistent with these findings, *Vα14Jα18* mRNA, which encodes the TCRα chain of the iNKT cell receptor, was expressed at similar levels in control and *Lef1^Δ/Δ^* DP thymocytes, and transgenic expression of a pre-rearranged Vα14Jα18 chain did not rescue the development of ST1--3 iNKT cells in *Lef1^Δ/Δ^* mice ([Fig. 1, E and F](#fig1){ref-type="fig"}). Reduced TCR signal strength can result in impaired iNKT cell development ([@bib1]); however, we found no difference in the expression of CD5 or CD69, surface proteins whose expression reflects TCR signal strength, and there was no difference in TCRβ usage or expression on ST1--3 iNKT cells from control and *Lef1^Δ/Δ^* mice (not depicted). Therefore, LEF1 was required for iNKT cell development after the emergence of ST0 iNKT cells. The number of iNKT cells was also reduced in the liver and spleen of *Lef1^Δ/Δ^* mice ([Fig. 1, G and H](#fig1){ref-type="fig"}), a finding which is consistent with the failure to generate CD24^lo^ iNKT cells in the thymus.

![***Lef1^Δ/Δ^* mice lacked iNKT cells in the thymus and the periphery.** (A) Thymi from control (Ctrl) and *Lef1^Δ/Δ^* mice were stained for CD24 and CD1d-PBS57 tetramers (Tetr) and analyzed by flow cytometry. The percentage of total thymocytes that were Tetramer^+^CD24^lo^ iNKT cells is shown. (B) Mean number of thymic Tetr^+^CD24^lo^ iNKT cells in control and *Lef1^Δ/Δ^* mice. Bars represent the mean from 10 independent experiments, with one pair of mice each. (C) The frequency of Tetr^+^CD24^hi^ (ST0) and Tetr^+^CD24^lo/−^ (ST1--3) among total thymic iNKT cells was determined by flow cytometry after MACS-based tetramer enrichment. (D) Absolute number of ST0 and ST1--3 iNKT cells from control and *Lef1^Δ/Δ^* mice. Data represent the mean from six independent experiments with one to two mice per genotype. (E) Expression of *Vα14Jα18* mRNA transcripts relative to *Hprt* in sorted DP thymocytes from control and *Lef1^Δ/Δ^* mice was determined by qRT-PCR. Data represent the mean from four independent experiments. (F) Mean number of thymic Tetr^+^CD24^lo^ iNKT cells in the indicated mouse strains from five independent experiments. (G) TCRβ and CD1d-PBS57 tetramer staining on liver cells from control and *Lef1^Δ/Δ^* mice was determined by flow cytometry. Numbers indicate the percentage of liver lymphocytes that are Tetr^+^TCRβ^+^. (H) Mean number of Tetr^+^TCRβ^+^ iNKT cells in the liver and spleen of control and *Lef1^Δ/Δ^* mice. Bars represent the mean from four independent experiments. (I) CD45.1^+^CD45.2^+^ control and CD45.1^−^CD45.2^+^ *Lef1^Δ/Δ^* FACS-sorted LK bone marrow cells were mixed at a 1:1 ratio, and 5 × 10^4^ total cells were transferred into lethally irradiated CD45.1^+^ C57BL/6 mice. Mice were analyzed 6--8 wk after transplantation. Expression of CD45.1 and CD45.2 on DP thymocytes, ST0 iNKT cells, or ST1--3 iNKT cells from competitive bone marrow chimeras was determined by flow cytometry. The percentage of DP cells or CD24^hi^ ST0 and CD24^lo^ ST1--3 iNKT cells derived from CD45.1^+^CD45.2^+^ control or CD45.1^−^CD45.2^+^ *Lef1^Δ/Δ^* bone marrow cells is shown. Data are representative of three independent experiments with two to three chimeras each. (J) The mean number of ST0 CD24^hi^ and ST1--3 CD24^lo^ thymic iNKT cells derived from the CD45.1^+^CD45.2^+^ control or CD45.1^−^CD45.2^+^ *Lef1^Δ/Δ^* bone marrow cells is shown. (K) Expression of CD45.1 and CD45.2 on TCRβ^+^ (Tetr^−^) cells and Tetr^+^TCRβ^+^ iNKT cells in the liver of competitive mixed bone marrow chimeras was determined by flow cytometry. The gated regions show the percentage of cells that are derived from the control or *Lef1^Δ/Δ^* bone marrow. (L) Mean percentage of iNKT cells in the competitive chimeric mice that are derived from the control or *Lef1^Δ/Δ^* bone marrow. Numbers are the mean from three independent experiments with two to three chimeras each. All error bars represent SEM. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001; \*\*\*\*, P \< 0.0001.](JEM_20141849R_Fig1){#fig1}

LEF1 was intrinsically required for iNKT cell development
---------------------------------------------------------

To determine whether the defect in iNKT cell development was intrinsic to the *Lef1^Δ/Δ^* cells, we generated mixed bone marrow chimeric mice in which *Lef1^Δ/Δ^* CD45.2^+^ bone marrow progenitors were mixed with control CD45.1^+^CD45.2^+^ competitor cells and transplanted into lethally irradiated CD45.1^+^ mice. *Lef1^Δ/Δ^* CD45.2^+^CD45.1^−^ cells represented 79% of Tetramer^−^ DP thymocytes and 77% of ST0 iNKT cells, confirming that LEF1 was not required for development of ST0 cells ([Fig. 1 I](#fig1){ref-type="fig"}). In contrast, only 13.2% of the ST1--3 iNKT cells were derived from the *Lef1^Δ/Δ^* CD45.2^+^CD45.1^−^ bone marrow cells, demonstrating that the *Lef1^Δ/Δ^* cells were disadvantaged after ST0 ([Fig. 1 I](#fig1){ref-type="fig"}). The loss of *Lef1^Δ/Δ^* ST1--3 iNKT cells was particularly evident when the total number of ST0 and ST1--3 iNKT cells was calculated ([Fig. 1 J](#fig1){ref-type="fig"}). *Lef1^Δ/Δ^* iNKT cells were similarly disadvantaged in the liver, where only 13.9% of iNKT cells were derived from the CD45.2^+^ population, whereas 40% of TCRβ^+^ cells were CD45.2^+^CD45.1^−^ ([Fig. 1, K and L](#fig1){ref-type="fig"}). Our data indicate that LEF1 was required for the normal generation of ST1--3 iNKT cells, as well as peripheral iNKT cells.

LEF1 controlled iNKT cell proliferation and survival
----------------------------------------------------

To better understand how LEF1 functioned, we examined LEF1 expression in cells at each stage of iNKT cell development. We used the β chain of the IL-2/15 receptor (CD122) to resolve ST3 iNKT cells because our mice were on the FVB/NJ background, which fails to express the classic NK cell marker NK1.1. CD122 expression was directly correlated with the ST3 transcription factor TBET, and CD44 and CD122 fractionated CD24^lo^ iNKT cells into ST1 (CD44^lo^CD122^−^), ST2 (CD44^+^CD122^−^), and ST3 (CD44^+^CD122^+^) cells ([Fig. 2 A](#fig2){ref-type="fig"}). We found that LEF1 was highly expressed in ST1 and ST2 cells and was absent from the majority of cells at ST3 ([Fig. 2 B](#fig2){ref-type="fig"}). LEF1 was also highly expressed in ST0 iNKT cells ([Fig. 2 B](#fig2){ref-type="fig"}). Therefore, LEF1 was expressed at the earliest stages of iNKT cell development.

![**LEF1 promoted iNKT cell proliferation and regulated expression of the *Cd127* and c-*myc* genes.** (A) Expression of TBET (left) or CD44 (right) and CD122 on WT FVB/NJ Tetr^+^CD24^lo^ thymic iNKT cells was determined by flow cytometry. The percentage of cells and iNKT cell stage in each quadrant is shown. (B) Expression of LEF1 was determined by flow cytometry in the indicated iNKT cell stages from WT FVB/NJ mice and is shown as a histogram. iNKT cell stages were gated as shown in A (ST1, ST2, and ST3) and in [Fig. 1 C](#fig1){ref-type="fig"} (ST0). The control sample was LEF1 staining in *Lef1^Δ/Δ^* iNKT cells. Plots are representative of at least 10 independent experiments with one to two mice per genotype. (C) Percentage of the indicated iNKT cell stage staining positive for Ki67, BrdU, or FLICA in the thymus of control and *Lef1^Δ/Δ^* mice. Graphs represent the mean of four independent experiments. (D) Expression of LEF1 and CD127 in CD4t (gated as CD4^hi^CD8^lo^TCRβ^+^CD69^+^) WT FVB/NJ thymocytes was determined by flow cytometry. (E and F) CD127 expression in CD4t thymocytes (E) or ST0 and ST1 (F) iNKT cells from control and *Lef1^Δ/Δ^* mice was determined by flow cytometry. Data are representative of four to eight independent experiments with one to two mice per genotype. Solid gray histograms show staining with the isotype control antibody. (G) The mean percentage of CD127^+^ cells (left) or the MFI of CD127 (right) within ST0 and ST1 iNKT cells in control and *Lef1^Δ/Δ^* mice. Numbers were averaged from six independent experiments with one mouse per genotype. (H) Expression of *Cd127* mRNA relative to *Hprt* from sorted ST0 iNKT cells (Tetr^+^TCRβ^+^CD24^hi^) was determined by qRT-PCR. The bar graphs represent the mean from three independent experiments. (I and J) LEF1 chromatin binding was determined by α-LEF1 ChIP on sorted CD4t thymocytes (I) or ST1/2 *Vα14Tg* thymic iNKT cells (J; Tetr^+^TCRβ^+^CD24^lo^CD122^−^), followed by qPCR using primers spanning a TCF1/LEF1 binding site at the *Cd127* and c-*myc* promoter region or an unrelated sequence at the *β-globin* gene locus. Numbers indicate mean fold enrichment of the immunoprecipitated DNA relative to the *β-globin* locus from three independent experiments. (K) Expression of c-*myc* mRNA relative to *Hprt* mRNA from sorted ST0, ST1, and ST2 iNKT cells was determined by qRT-PCR. Bar graphs represent the mean of three independent experiments. All error bars represent SEM. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001; \*\*\*\*, P \< 0.0001.](JEM_20141849R_Fig2){#fig2}

Our data indicated that LEF1 was required for the expansion, survival, or differentiation of postselection iNKT cells. To determine whether *Lef1^Δ/Δ^* iNKT cells were signaled to enter the cell cycle appropriately, we examined their expression of Ki67, a marker of cells that have entered the cell cycle, and their ability to incorporate BrdU, a thymidine analogue incorporated into DNA during replication. Consistent with previous studies ([@bib8]), we found that nearly 60% of control ST0/ST1 iNKT cells expressed Ki67 and that proliferation, as marked by incorporation of BrdU, was greatest as cells transitioned to ST1 ([Fig. 2 C](#fig2){ref-type="fig"}; [@bib13]; [@bib2]). In contrast to the control cells, only 35% of *Lef1^Δ/Δ^* ST0/ST1 iNKT cells were Ki67^+^, indicating that LEF1 influenced the number of cells that entered the cell cycle. Although ∼4% of control ST0 cells incorporated BrdU, there was essentially no BrdU incorporation into *Lef1^Δ/Δ^* ST0 iNKT cells, and *Lef1^Δ/Δ^* ST1 cells also showed significantly lower incorporation of BrdU ([Fig. 2 C](#fig2){ref-type="fig"}). ST2 and ST3 iNKT cells from control mice had lower Ki67 expression and incorporated less BrdU than ST1 cells, and LEF1 was not as essential for Ki67 or BrdU incorporation in these cells ([Fig. 2 C](#fig2){ref-type="fig"}). We also found that *Lef1^Δ/Δ^* ST1 iNKT cells had a higher frequency of cells relative to control mice that stained with fluorescent-labeled inhibitor of caspases (FLICA), a reagent which irreversibly binds to the activated caspases that are triggered during apoptosis ([Fig. 2 C](#fig2){ref-type="fig"}). Ki67 staining, BrdU incorporation, and FLICA reactivity were not changed in CD4 thymocytes from *Lef1^Δ/Δ^* as compared with control mice, indicating that LEF1 deficiency affected iNKT cells specifically (not depicted). Our data reveal that LEF1 was required for the intrathymic expansion of ST0/ST1 iNKT cells and that it protected these cells from apoptosis.

LEF1 directly regulated the *Cd127* and c-*myc* genes in iNKT cells
-------------------------------------------------------------------

iNKT cell expansion requires CD127, the α chain of the IL-7 receptor (IL-7Rα; [@bib35]). We found that LEF1 expression was directly correlated with CD127 in CD4^+^ transitional (CD4t; CD4^+^CD8^lo^CD69^+^TCRβ^+^) thymocytes, which include ST0 iNKT cells, leading us to question whether LEF1 might regulate CD127 expression ([Fig. 2 D](#fig2){ref-type="fig"}). Indeed, CD127 expression was decreased on *Lef1^Δ/Δ^* CD4t thymocytes compared with control cells ([Fig. 2 E](#fig2){ref-type="fig"}). Moreover, significantly fewer *Lef1^Δ/Δ^* ST0 and ST1 iNKT cells expressed CD127 when compared with control mice, and the mean fluorescence intensity (MFI) of CD127 was also reduced ([Fig. 2, F and G](#fig2){ref-type="fig"}). CD127 expression was decreased slightly in CD4 single-positive thymocytes and remained unaltered in CD8 thymocytes (not depicted). Consistent with these findings, *Cd127* mRNA was reduced by \>50% in ST0 iNKT cells from *Lef1^Δ/Δ^* as compared with control mice ([Fig. 2 H](#fig2){ref-type="fig"}).

The LEF1-related transcription factor TCF1 directly regulates *Cd127* expression in Th2 cells and ILC2 ([@bib46]; [@bib44]). Therefore, we questioned whether LEF1 might regulate *Cd127* directly. Indeed, we found that LEF1 was bound specifically near the *Cd127* gene in CD4t cells and iNKT cells, as determined by anti-LEF1 chromatin immunoprecipitation (ChIP) followed by quantitative PCR (qPCR; [Fig. 2, I and J](#fig2){ref-type="fig"}), indicating that LEF1 directly regulated the expression of *Cd127* in these cells.

While IL-7R signaling promotes intrathymic proliferation of iNKT cells, the oncogenic transcription factor c-*myc* is also critical for optimal expansion ([@bib9]; [@bib26]). We found that c-*myc* mRNA was reduced in *Lef1^Δ/Δ^* ST1-ST2 iNKT cells ([Fig. 2 K](#fig2){ref-type="fig"}). c-*myc* is regulated downstream of IL-7R signaling in B and T cells, but it is also a target of LEF1 in epithelial cells ([@bib25]; [@bib45]; [@bib21]; [@bib27]). We found that LEF1 bound to the c-*myc* locus in both CD4t cells and in iNKT cells, demonstrating that LEF1 could regulate both *Cd127* and c-*myc* ([Fig. 2, I and J](#fig2){ref-type="fig"}). Collectively, these data demonstrate that LEF1 was required for proper expression of *Cd127* and c-*myc*, which likely contributed to the reduced intrathymic expansion of *Lef1^Δ/Δ^* iNKT cells.

LEF1 promoted the development of iNKT2 cells
--------------------------------------------

Our data demonstrated that LEF1 played an important role in the development of all iNKT cells. However, when compared with control thymic iNKT cells, there was a decreased frequency of ST1 and ST2 cells and an increased frequency of ST3 cells among the remaining *Lef1^Δ/Δ^* thymic iNKT cells ([Fig. 3, A and B](#fig3){ref-type="fig"}), despite the fact that the all iNKT cell populations were decreased in number ([Fig. 3 C](#fig3){ref-type="fig"}). Recent studies have shown that ST3 iNKT cells are largely synonymous with TBET^+^ iNKT1 cells, whereas ST2 cells are a mixture of RORγt^+^ iNKT17 cells and GATA3^hi^ iNKT2 cells, which are also found among ST1 cells. The signature iNKT cell transcription factor PLZF is also differentially expressed among iNKT cell subsets, with the highest expression in iNKT2 cells ([@bib20]). To determine how LEF1 deficiency affected iNKT cell effector subsets, we examined *Lef1^Δ/Δ^* iNKT cells for expression of PLZF and RORγt, which can be used to resolve iNKT1 (PLZF^lo^RORγt^−^), iNKT2 (PLZF^hi^RORγt^−^), and iNKT17 (PLZF^int^RORγt^hi^) cells ([Fig. 3 D](#fig3){ref-type="fig"}). By this definition, the frequency of iNKT1 and iNKT17 cells was increased slightly, whereas iNKT2 cells were decreased among *Lef1^Δ/Δ^* iNKT cells as compared with controls ([Fig. 3, D and E](#fig3){ref-type="fig"}), although, as expected, the absolute number of all iNKT effector subsets was reduced. ([Fig. 3 F](#fig3){ref-type="fig"}). Total iNKT cell numbers were also reduced in the liver and spleen of *Lef1^Δ/Δ^* mice as compared with control mice ([Fig. 1 H](#fig1){ref-type="fig"}); however, in these tissues the frequency of iNKT2 cells was reduced relative to that of iNKT1 cells ([Fig. 3, G and H](#fig3){ref-type="fig"}). Collectively, our data indicated that after the expansion of iNKT cells, LEF1 promoted the development of iNKT2 cells.

![**LEF1 was required for iNKT2 development.** (A) Expression of CD44 and CD122 on gated Tetr^+^CD24^lo^ iNKT cells from the thymus of control and *Lef1^Δ/Δ^* mice was determined by flow cytometry. (B and C) The mean percentage (B) and number (C) of ST1, ST2, and ST3 cells among total iNKT cells in control and *Lef1^Δ/Δ^* mice. Data are the mean from eight independent experiments with one mouse per genotype. (D) PLZF versus RORγt expression in Tetr^+^CD24^lo^ iNKT cells from control and *Lef1^Δ/Δ^* mice was used to resolve the iNKT1 (PLZF^lo^RORγt^−^), iNKT2 (PLZF^hi^RORγt^−^), and iNKT17 (PLZF^int^RORγt^+^) effector subsets by flow cytometry. Numbers show the percentage of each population among total iNKT cells. (E and F) The mean percentage (E) and number (F) of iNKT1, iNKT2, and iNKT17 cells in the thymus of control and *Lef1^Δ/Δ^* mice. Data are the mean from five independent experiments. (G) Expression of PLZF and TBET was used to identify iNKT1 and iNKT2 cells in the liver and spleen of control and *Lef1^Δ/Δ^* mice by flow cytometry. (H) The mean percentage of iNKT2 and iNKT1 among total iNKT cells in the liver and spleen from control and *Lef1^Δ/Δ^* mice. Numbers were averaged from three independent experiments. All error bars represent SEM. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001; \*\*\*\*, P \< 0.0001.](JEM_20141849_Fig3){#fig3}

LEF1 was required for the development of IL-4--producing iNKT2 cells
--------------------------------------------------------------------

The cytokine production profiles for the iNKT cell effector fates are substantially more flexible than in their CD4^+^ Th cell counterparts. Dual production of IL-4 and IFNγ is a hallmark of iNKT cells that has been attributed to their high expression of PLZF ([@bib31]). Indeed, some PLZF^hi^ iNKT cells produce both IFNγ and IL-4 after in vitro stimulation with PMA and ionomycin, whereas PLZF^lo^ iNKT cells produced IFNγ exclusively ([Fig. 4 A](#fig4){ref-type="fig"}). Given that the majority of PLZF^hi^ cells are iNKT2 cells, we anticipated that LEF1 would be required for the development of the dual IL-4 plus IFNγ--producing population. Indeed, in vitro stimulation of total iNKT cells with PMA and ionomycin revealed that a lower frequency of *Lef1^Δ/Δ^* iNKT cells produced the Th2 cytokine IL-4 and the frequency of IL-4 plus IFNγ producers was also reduced ([Fig. 4, B and C](#fig4){ref-type="fig"}). In contrast, the frequency of *Lef1^Δ/Δ^* iNKT cells producing IFNγ only was not different from control mice, and IL-17A--producing cells were increased ([Fig. 4, B and C](#fig4){ref-type="fig"}). Therefore, LEF1 was also required for the development of functional iNKT2 cells that produced IL-4 and IFNγ.

![**LEF1 promoted development of iNKT cells that produce IL-4 or IL-4 plus IFNγ.** (A) Expression of IL-4 and IFNγ in PLZF^hi^ and PLZF^lo^ iNKT cells was determined by flow cytometry, after a 4-h in vitro stimulation of thymocytes with PMA and ionomycin. (B) Expression of IL-4, IFNγ, or IL-17A in thymic Tetr^+^TCRβ^+^ iNKT cells from control and *Lef1^Δ/Δ^* mice after a 4-h in vitro stimulation of thymocytes with PMA and ionomycin. Plots are representative of four to six independent experiments. (C) The mean percentage of control and *Lef1^Δ/Δ^* iNKT cells that expressed IL-4, IFNγ, IL-4 plus IFNγ, or IL-17A. Data were averaged from six independent experiments. (D) Expression of CD8α and EOMES in TCRβ^+^CD8α^+^ thymocytes was determined by flow cytometry. (E) The mean percentage of EOMES^+^ cells among TCRβ^+^CD8α^+^ thymocytes from four independent experiments. All error bars represent SEM. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001.](JEM_20141849R_Fig4){#fig4}

In some strains of mice IL-4 production from iNKT2 cells reaches levels that induce EOMES expression in developing CD8 T cells, resulting in their conversion to an innate effector-like cell ([@bib37]; [@bib43]; [@bib20]). We found that ∼8% of CD8 T cells in FVB/NJ mice expressed EOMES, consistent with the high frequency of iNKT2 cells ([Fig. 4, D and E](#fig4){ref-type="fig"}). Moreover, this phenotype was dependent on LEF1 because these EOMES^+^ CD8 T cells were severely reduced in *Lef1^Δ/Δ^* mice ([Fig. 4, D and E](#fig4){ref-type="fig"}). These observations are consistent with the reduced number of functional IL-4--producing iNKT2 cells in *Lef1^Δ/Δ^* mice.

LEF1 expression correlated with GATA3, PLZF, and Th-POK
-------------------------------------------------------

To determine how LEF1 regulated the development of iNKT2 cells, we further considered which iNKT cell subsets expressed LEF1. As shown in [Fig. 2 B](#fig2){ref-type="fig"}, LEF1 was highly expressed in ST0, ST1, and ST2 cells but was very low in ST3 cells. When we isolated iNKT cell effector subsets based on expression of PLZF and TBET, we found that LEF1 expression was enriched in iNKT2 (PLZF^hi^TBET^−^) cells and was low in iNKT1 (PLZF^lo^TBET^+^) or iNKT17 (PLZF^int^RORγt^+^) cells ([Fig. 5 A](#fig5){ref-type="fig"}). When compared with other transcription factors, LEF1 expression was proportional to GATA3 and PLZF and was largely anticorrelated with TBET, consistent with the highest expression of LEF1 in iNKT2 cells ([Fig. 5 B](#fig5){ref-type="fig"}). LEF1 was present at very low levels in RORγt^+^ cells and was coexpressed with Th-POK, a transcription factor which inhibits development of iNKT17 cells and promotes development of CD4^+^ iNKT cells ([Fig. 5 B](#fig5){ref-type="fig"}; [@bib11]; [@bib12]). These data indicate that LEF1 was most highly expressed in iNKT2 cells and that its expression was directly correlated with GATA3, PLZF, and Th-POK, transcription factors which are associated with CD4 expression and the iNKT2 fate.

![**LEF1 expression correlated with CD4, GATA3, PLZF, and Th-POK and supported development of CD4^+^ iNKT cells.** (A) Expression of LEF1 in the indicated iNKT effector cells from WT FVB/NJ mice was determined by flow cytometry and is shown as a histogram. The control sample was LEF1 staining in *Lef1^Δ/Δ^* iNKT cells. Plots are representative of at least four independent experiments with one to two mice per genotype. (B) Expression of LEF1 and GATA3, TBET, PLZF, RORγt, or Th-POK in WT FVB/NJ thymic iNKT cells was determined by flow cytometry. The percentage of cells in each quadrant is indicated. Plots are representative of at least six independent experiments with one to two mice per genotype. (C and D) Expression of LEF1 and CD4 in total iNKT cells (C) or iNKT2 (PLZF^hi^TBET^−^), iNKT1 (PLZF^lo^TBET^+^) and iNKT17 (RORγt^+^TBET^−^; D) cells from the thymus of WT FVB/NJ mice was determined by flow cytometry. Results are representative of at least four independent experiments. (E) CD4 expression on total thymic iNKT cells from control and *Lef1^Δ/Δ^* mice was determined by flow cytometry and is shown as histograms. (F and G) The mean percentage (F) and number (G) of CD4^+^ and CD4^−^CD8^−^ (DN) thymic iNKT cells in the indicated mouse strains. Data were averaged from \>10 independent experiments. (H) CD45.1^+^CD45.2^+^ control and CD45.1^−^CD45.2^+^ *Lef1^Δ/Δ^* FACS-sorted LK bone marrow cells were mixed at 1:1 ratio and transferred into lethally irradiated CD45.1^+^ C57BL/6 mice. 6--8 wk later, reconstituted mice were analyzed by flow cytometry for CD4 expression on control (CD45.1^+^CD45.2^+^) and *Lef1^Δ/Δ^* (CD45.2^+^) thymic iNKT cells. (I) LEF1 expression in cCD4^+^ thymocytes (cCD4), thymic CD4^+^ iNKT, and thymic DN iNKT cells was determined by flow cytometry. Solid gray histogram was LEF1 staining in LEF1-deficient iNKT cells. Histograms are representative of at least 10 independent experiments with one to two mice per genotype. (J and K) The percentage (J) and number (K) of cCD4 cells in the thymus of control or *Lef1^Δ/Δ^* mice. Graphs show the mean from 10 independent experiments. Error bars represent SEM. \*\*, P \< 0.01; \*\*\*\*, P \< 0.0001.](JEM_20141849_Fig5){#fig5}

LEF1 supported CD4^+^ iNKT cell development and prevented CD8 expression on peripheral iNKT cells
-------------------------------------------------------------------------------------------------

iNKT cells lack expression of the coreceptor protein CD8, but a subset of these cells expresses CD4, which has been correlated with the ability to produce IL-4 ([@bib20]). In conventional T cells, and also in iNKT cells, CD4 expression and repression of CD8 are mediated by the Th2 transcription factor GATA3 and its downstream target Th-POK ([@bib40]). Given that LEF1 expression was directly correlated with GATA3 and required for the development of functional iNKT2 cells, we questioned whether deletion of *Lef1* would also phenocopy GATA3 deficiency with respect to CD4 and CD8 expression ([@bib17]; [@bib40]). As expected, we found that LEF1 was highest in a subset of CD4^+^ iNKT cells ([Fig. 5 C](#fig5){ref-type="fig"}). A majority of CD4^+^ iNKT cells are iNKT2 cells, but a small subset of iNKT1 and iNKT17 cells also express CD4 and LEF1 ([Fig. 5 D](#fig5){ref-type="fig"}). Importantly, the frequency of CD4^+^ cells was decreased among thymic *Lef1^Δ/Δ^* iNKT cells as compared with controls, although the total number of both CD4^+^ and DN iNKT cells was reduced ([Fig. 5, E--G](#fig5){ref-type="fig"}). The selective loss of CD4^+^ cells was intrinsic to the *Lef1^Δ/Δ^* iNKT cells because it was observed in mixed bone marrow chimeric animals ([Fig. 5 H](#fig5){ref-type="fig"}). Notably, although LEF1 was highly expressed in conventional CD4 (cCD4) T cells ([Fig. 5 I](#fig5){ref-type="fig"}), their frequency and total number was not altered in *Lef1^Δ/Δ^* mice as compared with controls ([Fig. 5, J and K](#fig5){ref-type="fig"}). Therefore, LEF1 was specifically required for the proper development of CD4^+^ iNKT cells in the thymus.

In the liver and spleen of *Lef1^Δ/Δ^* mice, the frequency of CD4^+^ iNKT cells was reduced and a novel population of CD8^+^ iNKT cells emerged ([Fig. 6, A and B](#fig6){ref-type="fig"}). The loss of CD4 and increased expression of CD8 on liver iNKT cells was intrinsic to the *Lef1^Δ/Δ^* cells as determined in mixed bone marrow chimeras ([Fig. 6, C and D](#fig6){ref-type="fig"}). We examined the expression of Th-POK in *Lef1^Δ/Δ^* splenic iNKT cells because Th-POK has been implicated as a GATA3 target that represses *Cd8* expression in these cells ([@bib40]), and LEF1 expression was correlated with both GATA3 and Th-POK ([Fig. 5 B](#fig5){ref-type="fig"}). We found that Th-POK expression was reduced in the absence of LEF1, particularly in the CD8-expressing iNKT cells ([Fig. 6 E](#fig6){ref-type="fig"}). Therefore, similar to GATA3, LEF1 was required for proper expression of Th-POK and promoted the development of CD4^+^ cells while preventing the expression of CD8 on peripheral iNKT cells.

![**LEF1 prevented CD8α expression on peripheral iNKT cells.** (A) CD4 and CD8 expression on Tetr^+^TCRβ^+^ iNKT cells from the liver of control or *Lef1^Δ/Δ^* mice was determined by flow cytometry. (B) The mean number of CD4^+^, DN, and CD8^+^ iNKT cells from the indicated tissues in control and *Lef1^Δ/Δ^* mice. Data were averaged from at least six independent experiments. (C) CD45.1^+^CD45.2^+^ control and CD45.1^−^CD45.2^+^ *Lef1^Δ/Δ^* FACS-sorted LK bone marrow cells were mixed at 1:1 ratio and transferred into lethally irradiated CD45.1^+^ C57BL/6 mice. 6--8 wk later, reconstituted mice were analyzed by flow cytometry for CD4 and CD8 expression on control or *Lef1^Δ/Δ^* iNKT cells from the liver. (D) The mean percentage of the CD4^+^, DN, and CD8^+^ liver iNKT cells from competitive BM chimeras. Data are representative of three independent experiments with two to three chimeras each. (E) Th-POK and CD8α expression in splenic iNKT cells from the indicated mice, as determined by flow cytometry. Data are representative of five independent experiments with one to two mice per genotype. All error bars represent SEM. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001.](JEM_20141849_Fig6){#fig6}

LEF1 functioned independently of TCF1 in iNKT cells
---------------------------------------------------

We questioned whether LEF1 deficiency was affecting the expression of TCF1 in iNKT cells because TCF1 is essential for CD4^+^ Th2 cell differentiation and ILC2 development and is generally redundant with or dominant to LEF1. TCF1 was expressed in all iNKT cells, and LEF1 expression was directly correlated with TCF1 in a subset of these cells ([Fig. 7 A](#fig7){ref-type="fig"}). Like LEF1, TCF1 was expressed most highly in ST1 and ST2 iNKT cells ([Fig. 7 B](#fig7){ref-type="fig"}); however, TCF1 was expressed in both CD4^+^ and DN iNKT cells and in ST3 iNKT cells ([Fig. 7, B and C](#fig7){ref-type="fig"}). Consistent with this expression pattern, TCF1 was expressed in iNKT2 and iNKT17 cells at levels comparable with cCD4^+^ T cells and at lower levels in iNKT1 cells ([Fig. 7 B](#fig7){ref-type="fig"}). Importantly, TCF1 was expressed equally well in control and *Lef1^Δ/Δ^* ST1 and ST2 iNKT cells, indicating that the alterations in iNKT cell development caused by LEF1 deficiency were not a consequence of a loss of TCF1 ([Fig. 7 D](#fig7){ref-type="fig"}). TCF1 expression was increased slightly in *Lef1^Δ/Δ^* ST3 iNKT cells, suggesting that there may be a selection for TCF1 in these cells or their progenitors when LEF1 is absent ([Fig. 7 D](#fig7){ref-type="fig"}). Therefore, our data revealed critical functions for LEF1 in iNKT cell expansion and the development of iNKT2 cells that were not compensated for by TCF1 despite TCF1 expression in all iNKT cells.

![**TCF1 expression was not affected by deletion of *Lef1* in iNKT cells.** (A) Expression of LEF1 and TCF1 in total WT FVB/NJ iNKT cells, as determined by flow cytometry. (B) TCF1 expression in the indicated iNKT stages (left) or iNKT subsets (right) from WT FVB/NJ thymocytes was determined by flow cytometry and is shown as histograms. Solid gray or control represents anti-TCF1 staining in TCF1-deficient iNKT cells and serves as a negative control. (C and D) TCF1 expression in CD4^+^ and DN (C) or ST1, ST2, and ST3 (D) thymic iNKT cells from control and *Lef1^Δ/Δ^* mice was determined by flow cytometry. Data are representative of four independent experiments.](JEM_20141849_Fig7){#fig7}

LEF1 directly regulated the expression of GATA3 in CD4^+^ iNKT cells
--------------------------------------------------------------------

Our data demonstrate that LEF1 contributed to the maintenance of iNKT2 cells and was required for CD8 repression in peripheral iNKT cells. These findings are consistent with the hypothesis that LEF1 controls GATA3 expression. To address this hypothesis, we examined *Gata3* mRNA in conventionally staged iNKT cells. *Gata3* mRNA was decreased by \>50% in ST1 and ST2 iNKT cells from *Lef1^Δ/Δ^* as compared with control mice ([Fig. 8 A](#fig8){ref-type="fig"}). We also analyzed GATA3 expression at the single cell level by flow cytometry in CD4^+^ and CD4^−^ iNKT cells, which differ in their expression of LEF1. At each stage, the frequency of CD4^+^ iNKT cells was decreased in the absence of LEF1, and in the remaining CD4^+^ iNKT cells, the intensity of GATA3 staining was reduced relative to that in control cells ([Fig. 8 B](#fig8){ref-type="fig"}). This decline in GATA3 expression was evidenced as a decrease in the MFI at ST1 and ST2 iNKT cells, but not in ST3 cells, regardless of whether CD4 expression was considered ([Fig. 8 C](#fig8){ref-type="fig"}). However, total CD4^+^ iNKT cells, which correlate with iNKT2 cells, showed a more dramatic decline in GATA3 than CD4^−^ iNKT cells ([Fig. 8 D](#fig8){ref-type="fig"}). Consistent with these findings, GATA3 expression was reduced in *Lef1^Δ/Δ^* CD4^+^ iNKT2 cells, whereas it remained low in CD4^+^ iNKT1 cells ([Fig. 8, E and F](#fig8){ref-type="fig"}). Importantly, GATA3 expression was not reduced in cCD4 T cells (not depicted). Using ChIP, we found that LEF1 bound specifically to the *Gata3* gene, but not to a previously identified site at the *Rorc* locus ([@bib22]), supporting the hypothesis that *Gata3* was a direct target of LEF1 in iNKT cells ([Fig. 8 G](#fig8){ref-type="fig"}).

![**LEF1 was required for proper expression of GATA3 in CD4^+^ iNKT cells.** (A) Expression of *Gata3* mRNA relative to *Hprt* in sorted ST1, ST2, and ST3 iNKT cells from control and *Lef1^Δ/Δ^* mice was determined by qRT-PCR. Data were combined from three independent experiments. (B) GATA3 versus CD4 expression in ST1, ST2, and ST3 thymic iNKT cells from control and *Lef1^Δ/Δ^* mice, as determined by flow cytometry. (C and D) MFI for GATA3 in ST1, ST2, and ST3 iNKT cells (C) or in CD4^+^ and CD4^−^ iNKT cells (D) from the thymus of control and *Lef1^Δ/Δ^* mice. (E) GATA3 versus CD4 expression in iNKT1 (PLZF^lo^TBET^+^) and iNKT2 (PLZF^hi^TBET^−^) cells from control and *Lef1^Δ/Δ^* mice, as determined by flow cytometry. Data are representative of four independent experiments. (F) MFI for GATA3 in thymic CD4^+^ iNKT2 and CD4^+^ iNKT1 cells from the indicated mouse strains. (C, D, and F) Each circle represents one mouse (paired Student's *t* test: \*, P \< 0.05; \*\*, P \< 0.01). (G) LEF1 chromatin binding was determined by a-LEF1 ChIP on sorted thymic ST1/ST2 *Vα14Tg* iNKT cells, followed by qPCR using primers spanning a TCF1/LEF1-binding site upstream of the *Gata3b* promoter, the *Rorc* promoter, or an unrelated sequence at the *β-globin* gene locus. Numbers indicate mean fold enrichment of the immunoprecipitated DNA relative to the *β-globin* locus from three independent experiments is shown. Error bars represent SEM. \*, P \< 0.05; \*\*, P \< 0.01.](JEM_20141849_Fig8){#fig8}

DISCUSSION
==========

We have shown that LEF1 played critical and nonredundant roles in iNKT cell expansion and iNKT2 effector fate differentiation. We showed that in the absence of LEF1, iNKT cell expansion at ST0 and ST1 failed to occur and that LEF1 directly regulated expression of the CD127 component of the IL-7 receptor and the transcription factor c-*myc*, both of which are required for this phase of expansion ([@bib9]; [@bib26]; [@bib35]). LEF1 was also required for the development of iNKT2 cells, which include both IL-4 only and IL-4 plus IFNγ--producing iNKT cells, and LEF1 directly regulated the expression of the iNKT2 signature transcription factor GATA3. Our findings are particularly striking given that LEF1 deficiency has only subtle effects on conventional T cells during their differentiation and in the periphery during their activation and acquisition of the memory phenotype as the result of redundancy with the related transcription factor TCF1 ([@bib28]; [@bib47]; [@bib49]; [@bib34]). However, TCF1 was unable to compensate for the loss of LEF1 during iNKT cell development, despite the fact that TCF1 was expressed in all LEF1-expressing iNKT cells.

We identified *Cd127* as a LEF1 target gene in both iNKT cells and CD4t cells. In contrast, CD127 expression was only modestly decreased on cCD4 thymocytes and remained unchanged on CD8 T cells from *Lef1^Δ/Δ^* mice, and conventional αβ T cell development was normal in *Lef1^Δ/Δ^* mice. The slight reduction in CD127 expression on *Lef1^Δ/Δ^* cCD4 T cells had no effect on their proliferation or survival, and cCD4 T cell numbers were comparable with control mice. Our findings are consistent with a previous study that showed a significant reduction of iNKT cells but a marginal decrease in cCD4 T cell numbers, in mice with a *Cd127* deletion at the DP stage ([@bib35]). Similarly, deletion of c-*myc* in DP thymocytes resulted in a specific loss of iNKT cells, whereas conventional thymocyte development was unperturbed ([@bib9]; [@bib26]). We also found that *Lef1^Δ/Δ^* ST1 iNKT cells were more apoptotic than their control counter parts. It is possible that the IL-7 receptor signaling pathway is required for the survival of these cells because this pathway regulates the expression of antiapoptotic members of the BCL2 family of proteins ([@bib16]). However, IL-7Rα and c-MYC are not essential for iNKT cell survival ([@bib9]; [@bib35]); therefore, LEF1 is likely to have additional targets in iNKT cells that control this process. Alternatively, the combined loss of CD127 and c-myc may be more catastrophic than loss of either protein alone. Further studies into the targets of LEF1 in iNKT cells and the role of IL-7R signaling will help to clarify the role of LEF1 in the survival of iNKT cells. CD127 expression was normal in the mature iNKT effector subsets from LEF1-deficient mice (unpublished data), indicating that LEF1 was not essential for CD127 expression in these cells or that there was a strong selection for CD127-expressing cells. However, we propose that LEF1 is required for *Cd127* expression only during the early stages of iNKT cell differentiation and intrathymic expansion, rather than during iNKT cell effector differentiation, where it may be redundant with TCF1. We provide compelling evidence that LEF1 plays an essential role in the postselection proliferative burst that determines iNKT cell numbers, a unique developmental characteristic of this innate-like lymphocyte subset. LEF1 is also crucial for cycling and survival of pro-B cells, another IL-7R--dependent lymphocyte population ([@bib30]), suggesting a broader role for this transcription factor in regulating proliferation and apoptosis during lymphocyte development.

LEF1 was required for the proper emergence of CD4^+^ iNKT cells, a majority of which are iNKT2 cells. GATA3 expression in iNKT cells was directly proportional to and regulated by LEF1. The effect of *Lef1* deletion on iNKT effector cells was strikingly similar to that of *Gata3* deletion, including the decreased frequency of CD4^+^ iNKT cells, decreased expression of Th-POK, and increased expression of CD8 on peripheral iNKT cells ([@bib17]; [@bib40]). Although TCF1 can bind to the *Thpok* locus and control its expression in cCD4 T cells ([@bib34]), it is currently unclear whether LEF1 directly or indirectly, through GATA3, influenced Th-POK expression in iNKT cells. The number of iNKT2 cells differs among strains of mice and can have a dramatic effect on immune responsiveness. In strains with a high number of iNKT2 cells, IL-4 can reach levels that promote a memory phenotype on thymic CD8 T cells, systemic IgE production, and Th2-biased chemokine production from thymic dendritic cells, and these effects correlate with Th2-biased immune responses ([@bib37]; [@bib43]; [@bib20]). We showed here that LEF1-deficient iNKT cells failed to produce IL-4 when stimulated and that in vivo EOMES^+^ "memory phenotype" CD8 T cells were diminished in the thymus. Therefore, our findings place LEF1 as a key regulator of immune system function through effects on the number and composition of effector fates among iNKT cells.

iNKT cells are agonist-selected cells and iNKT2 cells show the highest expression of Nur77^GFP^, a correlate of TCR signaling intensity ([@bib24]), suggesting that iNKT2 cells are strongly stimulated by self-ligands. Therefore, decreased rearrangement, or decreased expression, of the iNKT cell receptor could lead to diminished overall iNKT cell numbers and/or iNKT2 cells. However, LEF1 deficiency did not influence expression or rearrangement of the iNKT cell receptor or other molecules involved in iNKT cell selection, and it did not affect the intensity of TCR signaling in ST0 iNKT cells. Indeed, ST0 iNKT cells developed normally in *Lef1^Δ/Δ^* mice, and the forced expression of a pre-rearranged Vα14Jα18 TCR did not restore iNKT cell numbers. In C57BL/6 mice the majority of iNKT cells express Vα14Jα18 in conjunction with Vβ8, but the few iNKT2 cells in these mice are enriched for Vβ7 and Vβ2. FVB/NJ mice do not express Vβ8; rather, they express Vβ7 and Vβ2 in association with Vα14Jα18 as the dominant iNKT cell receptors, indicating that the Vβ usage of FVB/NJ mice is skewed toward iNKT2 specificity ([@bib20]). This altered receptor usage may contribute to the increased frequency of iNKT2 cells in FVB/NJ mice; however, no alterations in Vβ7 or Vβ2 usage were found between control and *Lef1^Δ/Δ^* iNKT cells (unpublished data). These findings indicate that LEF1 was not required for the proper expression of the iNKT cell receptor or selection into the iNKT cell lineage.

During positive selection, TCR signals promote β-catenin accumulation and may influence transcriptional activation by LEF1/TCF1 ([@bib19]). Therefore, LEF1 and TCF1 function may be directly influenced by the strong TCR signals received by iNKT cells. Consistent with this hypothesis, constitutive activation of β-catenin in iNKT cells results in an increased number PLZF^hi^ cells (likely iNKT2 cells) and promotes a memory phenotype on CD8 T cells through production of IL-4 ([@bib33]). However, in our hands, deletion of β-catenin using *Vav^Cre^* had a minimal effect on iNKT cell development (unpublished data). Therefore, in iNKT cells, LEF1 likely activated gene expression through mechanisms that did not require β-catenin even though TCR signaling and β-catenin may regulate these genes when they are activated. A recent study revealed that activating transcription factor 2 family transcription factors (ATF2) can promote transcription activation via interactions with LEF1/TCF1 in hematopoietic tumors, including a T cell leukemia line, suggesting that LEF1 can use means beyond β-catenin to activate gene expression ([@bib15]). One possible mechanism could be through an interaction with ATF2, whose nuclear localization is mediated by the mitogen-activated protein kinase p38, which is activated via strong TCR signals and coreceptor signaling ([@bib48]). However, the effects of SLAM coreceptor ligation on ATF2 nuclear localization have not been investigated in iNKT cells. Nonetheless, our data are consistent with the conclusion that β-catenin is not essential for the functions of LEF1 in iNKT cells even though LEF1 transcriptional activity may be promoted by strong TCR signaling.

Although TCF1 expression was not decreased in *Lef1^Δ/Δ^* iNKT cells, we found that LEF1 was markedly reduced in ST1 iNKT cells from TCF1-deficient mice (unpublished data), indicating that LEF1 may be a target of TCF1 during iNKT cell development. In innate Vγ2^+^ γδTCR^+^ cells, LEF1 expression is dependent on TCF1, indicating that TCF1 may regulate *Lef1* in multiple ILCs ([@bib22]). Therefore, TCF1 deficiency should phenocopy LEF1 deficiency in iNKT cells. However, TCF1 may have LEF1-independent functions in iNKT cells given that TCF1, unlike LEF1, is expressed at high levels in CD4^−^ iNKT cells. Interestingly, *Cd127* and c-*myc* are also targets of GATA3 downstream of TCR signaling in CD8 T cells ([@bib41]), indicating that there may be an intricate self-reinforcing loop that occurs between these factors, with LEF1 and/or TCF1 connecting this loop to TCR signaling events in iNKT cells. Our data also raise the intriguing possibility that differential expression of LEF1, or LEF1 function, may control the number of iNKT2 cells in different strains of mice. Indeed, because LEF1 may integrate TCR signals with the induction of high levels of GATA3, this is a possibility worth further consideration.

MATERIALS AND METHODS
=====================

### Mice.

Littermate control and *Vav^Cre^;Lef1^f/f^* mice were on an FVB/NJ background. *Vav^Cre^*, *Lef1^f/f^*, or *Lef1^+/+^* mice were used as controls. *Vav^Cre^;Lef1^f/f^* in the *Vα14Tg* background and their littermate controls were backcrossed five times onto the C57BL/6J background, and for mixed bone marrow chimera experiments, nontransgenic *Vav^Cre^;Lef1^f/f^* mice crossed five times onto C57BL/6J were used. *Vα14Tg* mice were described previously ([@bib14]). Mice were housed at The University of Chicago Animal Resource Center, and experiments were performed according to the guidelines of The University of Chicago Institutional Animal Care and Use Committee.

### Flow cytometry, cell sorting, and antibodies.

Thymocyte suspensions from 3--6-wk-old mice were incubated with anti-FcγR before staining with fluorochrome-conjugated antibodies. Cells were acquired in an LSRII Fortessa (BD) or sorted in a FACSAria (BD) and analyzed with FlowJo. Enrichment of thymocytes for iNKT cells was performed by staining total thymocytes with APC- or PE-conjugated CD1d^PBS57^ tetramers (National Institutes of Health Tetramer Facility at Emory University), followed by anti-APC or anti-PE microbeads and subjected to MACS-based magnetic cell separation. Propidium iodide was included in all samples to exclude dead cells from the analysis. Pan-caspase staining was performed with the carboxyfluorescein (FAM)-FLICA in vitro Caspase Detection kit (ImmunoChemistry Technologies) according to the manufacturer's instructions. Antibodies specific for the following antigens were purchased from BD, eBioscience, BioLegend, and Cell Signaling Technology: CD127 (A7R34), CD4 (GK1.5), CD8α (53--6.7), TCRβ (H57-597), CD122 (5H4), CD44 (IM7), CD24 (M1/69), IFNγ (XMG1.2), IL-4 (11B11), IL-17A (eBio17B7), CD69 (H1.2F3), NK1.1 (PK136), CD45.1 (A20), CD45.2 (104), PLZF (R17-809), RORγt (AFKJS-9), T-BET (4B10), GATA3 (L50-823), Th-POK (2POK), LEF1 (C12A5), and TCF-1 (C63D9). An anti-PLZF antibody from Santa Cruz Biotechnology, Inc. (clone D9) that was conjugated to Pacific Blue using the Pacific Blue Monoclonal Antibody Labeling kit (Invitrogen) was also used. Detection of TCF1 was performed with secondary anti--rabbit IgG directly conjugated with PE or FITC. Intracellular staining for PLZF, RORγt, GATA3, Th-POK, LEF1, TCF-1, and T-BET was performed using the Foxp3/Transcription Factor Staining Buffer Set (eBioscience).

### Adoptive transfers of bone marrow.

FACS-sorted Lin^−^cKit^+^ (LK) bone marrow cells from control C57BL/6 or *Lef1^Δ/Δ^* FVB/NJ background mice backcrossed onto C57BL/6 for five generations were prepared from femur and tibiae. CD45.1^+^CD45.2^+^ control and CD45.1^−^CD45.2^+^ *Lef1^Δ/Δ^* LK bone marrow cells were mixed in 1:1 ratio. Recipient CD45.1^+^ C57BL/6 mice were lethally irradiated (1,000 rad) 5 h before i.v. injection of total 5 × 10^4^ cells. Reconstituted animals were analyzed by flow cytometry 6--8 wk after transplantation. For each independent experiment, one donor bone marrow was used to reconstitute two to three irradiated hosts.

### Cell culture, cytokine production, and staining.

Thymocytes were treated with 50 ng PMA, 1 µg ionomycin, and Brefeldin A for 4 h, before harvesting and staining intracellularly for IFNγ, IL-4, and IL-17A using the BD Cytofix/Cytoperm kit.

### In vivo BrdU incorporation.

In vivo BrdU incorporation assays were performed as previously described ([@bib38]). In brief, mice were injected i.p. with 1 mg/6 g BrdU 12--15 h before euthanasia. Subsequently, thymocytes were AUTOMACS-enriched for Tetr^+^ cells and stained for surface markers and then for BrdU according to the manufacturer's instructions (BD).

### RNA analysis and real-time qPCR.

RNA was extracted from sorted thymocytes using the RNeasy mini kit (QIAGEN), DNase-treated, and reverse transcribed using Superscript III (Invitrogen). qPCR was performed with gene-specific primers in an iCycler (Bio Rad Laboratories), using the iQ SYBR Green Supermix (Bio Rad Laboratories). *Hprt* was used to normalize expression. Relative expression was calculated using the ΔCT method.

### ChIP.

Primary mouse CD4t thymocytes from control mice or *Vα14Tg* iNKT cells (2--5 × 10^6^) were cross-linked with 1% formaldehyde and sheared in a water bath sonicator. Protein--DNA complexes were immunoprecipitated with 5 µg anti-LEF1 (C-19; Santa Cruz Biotechnology, Inc.). Protein G--coupled magnetic beads were used to isolate immune complexes. Cross-links were reversed by heating at 65°C, followed by proteinase K treatment. DNA was purified with DNA purification PCR spin columns (QIAGEN) and amplified by qPCR with primers specific for the c-*Myc* ([@bib27]), *Cd127* ([@bib44]), *Gata3*, *Rorc*, or irrelevant (*β-globin*) genomic regions. For each independent ChIP experiment in iNKT cells, thymi from 8--10 mice were pooled together before staining and sorting.

### Statistics.

A standard unpaired Student's *t* test was used (unless otherwise stated) to determine the statistical probability of the differences observed between two populations of cells using Prism software (GraphPad Software): \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001; \*\*\*\*, P \< 0.0001.
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